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In order to understand the mechanism for selective ammoxidation of propene to acrylonitrile by bismuth
molybdates, we report quantum mechanical studies (using the B3LYP flavor of density functional theory) for
the various steps involved in converting the allyl-activated intermediate to acrylonitrile over molybdenum
oxide (using a Mo3O9 cluster model) under conditions adjusted to describe both high and low partial pressures
of NH3 in the feed. We find that the rate-determining step in converting of allyl to acrylonitrile at all feed
partial pressures is the second hydrogen abstraction from the nitrogen-bound allyl intermediate
(Mo-NH-CH2-CHdCH2) to form Mo-NHdCH-CHdCH2). We find that imido groups (ModNH) have
two roles: (1) a direct effect on H abstraction barriers, H abstraction by an imido moiety is (∼8 kcal/mol)
more favorable than abstraction by an oxo moiety (ModO), and (2) an indirect effect, the presence of spectator
imido groups decreases the H abstraction barriers by an additional ∼15 kcal/mol. Therefore, at higher NH3
pressures (which increases the number of ModNH groups), the second H abstraction barrier decreases
significantly, in agreement with experimental observations that propene conversion is higher at higher par-
tial pressures of NH3. At high NH3 pressures we find that the final hydrogen abstraction has a high barrier
[∆H‡fourth-ab ) 31.6 kcal/mol compared to ∆H‡second-ab ) 16.4 kcal/mol] due to formation of low Mo oxidation
states in the final state. However, we find that reoxidizing the surface prior to the last hydrogen abstraction
leads to a significant reduction of this barrier to ∆H‡fourth-ab ) 15.9 kcal/mol, so that this step is no longer rate
determining. Therefore, we conclude that reoxidation during the reaction is necessary for facile conversion
of allyl to acrylonitrile.
1. Introduction
Catalytic oxidation of lower olefins to unsaturated aldehydes
and ammoxidation to nitriles are of major commercial impor-
tance, representing 25% of the chemicals used in the manufac-
ture of industrial and consumer products. Among these catalytic
processes, the ammoxidation of propene to acrylonitrile (eq 1)
is one of the most important. Worldwide, about 10 billion
pounds of acrylonitrile are produced in this fashion every year.1
In the early stages of this industry, acrylonitrile was produced
by propene on simple bismuth and molybdenum oxide catalysts,
but incorporation of other metals has significantly increased the
yield (+80%). Even so, this process is still not optimal, and
even small improvements in the efficiency of the catalyst can
have a major effect on the environmental impact and energy
requirements.
Due to the commercial importance of this process, many
fundamental studies have been directed toward the understanding
of the selective ammoxidation on Bi/Mo catalysts, yet there is
still considerable uncertainty about the detailed chemical
mechanisms involved. To gain more insight into this process
and to lay a foundation for improving the catalysts, we recently
reported2 the use of quantum mechanical methods (at the DFT-
B3LYP/LACVP** level) in conjunction with cluster models of
the oxides (Bi2O3 and MoO3) to investigate the various steps
involved in oxidizing propene to acrolein. Our previous study
concluded that activation of propene to form an allyl radical
(first H abstraction) occurs by an oxygen associated with
bismuth.2 In this paper we study the steps following the allyl
radical generation.
Our proposed mechanism for propene conversion to acry-
lonitrile (outlined in Scheme 1) is based both on previous
Grasselli mechanisms and on our previous QM calculations. It
consists of the following steps: (1) Activation of ammonia on
molybdenum sites to create ModNH groups, particularly surface
sites with two ModNH bonds; (2) Propene activation by surface
oxide associated with bismuth to form π-allyl intermediate; (3)
Binding of the allyl to ModNH site #1 (assisted by a spectator
ModNH or ModO depending on the extent of NH3 exposure)
to form a C-N bond on the molybdenum (σ-N-allyl intermedi-
ate); (4abc) Three subsequent hydrogen abstractions by separate
ModNH or ModO sites #2, #3, and #4 (each assisted by a
spectator ModNH) to eventually form acrylonitrile and reduced
sites; (5ab) Reoxidation of active sites by lattice oxygen
migration and filling of the vacancy by gaseous dioxygen.
1.1. Earlier Experimental Work. There are several similari-
ties between catalytic ammoxidation (i.e., conversion of propene
to acrylonitrile) and selective oxidation (i.e., conversion of
propene to acrolein). The same catalysts can do both, with the
highest rates of propene (amm)-oxidation on the multicomponent
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metal oxide (Ma2+Mb3+BixMoyOz), followed by Bi2O3 ·nMoO3
(where n ) 1, 2, and 3), MoO3, and Bi2O3.3 Pure R-Bi2O3 is
found not to oxidize propene to acrolein but gives traces of
1,5-hexadiene, CO2, and benzene. The 1,5-hexadiene is the
expected product of allyl radical dimerization, suggesting that
propene is activated on R-Bi2O3 but no further reaction
occurs.3-7
In addition, no oxidation occurs when propene is exposed to
pure MoO3, presumably because MoO3 is not capable of
carrying out the first CH activation event. Burrington and
Grasselli studied the reaction of MoO3 with azopropene (which
readily generates free allyl radicals) and reported a normalized
acrolein yield of 51.5% (as well as 14.9% acetaldehyde, 14.7%
CO2, 11.4% benzene, and 7.6% propene).8 The same reaction
in the presence of ammonia gives substantial yields of acry-
lonitrile. This was explained by the initial formation of surface
ModNH sites by condensation of terminal ModO with NH3
and loss of H2O, followed by insertion of allyl into the ModNH
bond, and subsequent hydrogen abstractions that result in
acrylonitrile formation. In summary, neither bismuth or mo-
lybdenum oxides are capable of converting propene to acrolein
or acrylonitrile by themselves, but rather each oxide has a
distinct role in this process, where bismuth oxide is generally
considered to be responsible for propene activation and mo-
lybdenum oxide is responsible for conversion of allyl intermedi-
ate to the final product. If the propene activation step can be
bypassed, MoO3 is capable of performing (amm)-oxidation,
although at a lower activity and selectivity than the bismuth
molybdate catalysts.
Oxidation and ammoxidation reactions have the same overall
activationenergy,Ea)19-21kcal/molforbismuthmolybdates.8,10
The rate-determining step is the R-methyl hydrogen abstraction
(step 2), as established from the isotope effect (kH/kD ) 1.82)
and the isotopic distributions of oxygen and nitrogen insertion
products from either allyl or vinyl-D-labeled propenes.11-14
According to the observed 64:36 ratio of acrylonitrile-[2,2-d2]:
[d0] produced from propene-[3,3,3-d3] or -[1,1-d2] and 70:30
ratio of acrylonitrile-[2,2-d2]:[d0] produced from allyl alcohol-
[1,1-d2] or -[3,3-d2], the initial rate-determining step results in
formation of π-allyl intermediate, where allyl is π bonded to a
coordinately unsaturated Mo (step 3).11-13,15 This π-allyl species
is rapidly and reversibly converted to σ-N-allyl intermediate
through the formation of a C-N bond (step 4a), which is
followed by the subsequent hydrogen abstractions (steps 4a, 4b,
4c) to give acrylonitrile. Subsequent steps in the conversion of
σ-N-allyl intermediate to acrylonitrile have been studied using
molecular probes, such as allyl alcohol, allylamine, and selected
D- and 18O-labeled derivatives over molybdates.3,15-19 The
second hydrogen abstraction (step 4a) is the rate-determining
step in the conversion of pregenerated σ-N-allyl species to
acrylonitrile.
Kinetic studies show that the propene conversion rates depend
on the partial pressure of reactants in feed (NH3 and C3H6).17,20At
low partial pressures of feed [pC3H6 ) 0.041 atm and a feed
mixture of 1.0 C3H6:10 air:xNH3:(13.4 - x)He], corresponding
to low conversion rates, the acrylonitrile/acrolein product ratio
is a linear function of NH3/C3H6, indicating that only one
ammonia molecule is involved at the N-insertion site per
catalytic cycle, as depicted in Scheme 1. The major N-inserting
species is a low concentration of “imido-oxo” surrounded by
“di-oxo” species (S1 and S2, respectively, Figure 1).
SCHEME 1: Proposed Mechanism for Propene Ammoxidation over Bismuth Molybdates8,9a
a This is illustrated for the case of low NH3 exposure. At high NH3 exposure the spectator groups would also be ModNH.
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At medium partial pressures of feed [pC3H6 ) 0.082 atm and
a feed mixture of 1.0 C3H6:10 air:xNH3:(1.2 - x)He; intermedi-
ate conversion conditions], the acrylonitrile/acrolein product
ratio is a linear function of (NH3)2/C3H6, corresponding to two
ammonia molecules condensed per acrylonitrile formed. In
addition, there is a break in the acrylonitrile/acrolein product
ratio line where the slope at lower NH3/C3H6 ratios (<0.24) is
2.5 times larger than at the higher ratios. At NH3/C3H6 ) 0.24,
the proposed major surface species is “imido-oxo” (S3), and at
higher ratios, major species is “di-imido” (S4).
At high feed concentration [pC3H6 ) 0.14 atm and a feed
mixture of 1.0 C3H6:5 air:xNH3:(1.2 - x)He; high conversion
rates], the acrylonitrile/acrolein product ratio is also a linear
function of (NH3)2/C3H6, corresponding to activation of two
ammonias at the N-insertion site per acrylonitrile formed. The
major surface species present are “di-imido” (S4).
1.2. Earlier Theoretical Work. The first quantum mechan-
ical (QM) studies of these processes underlying ammoxidation
and selective oxidation (Allison and Goddard,36 1985) proposed
the role of spectator oxo and imido groups and the need for
four Mo sites to complete the ammoxidation. However, in 1985,
severe approximations were necessary to study such complex
systems. Fortunately, the conclusion from these early studies
have proved correct. In 2001 we (Jang and Goddard21,22)
revisited these systems using cluster models with much more
accurate methods available by then to study the thermodynamics
of various pathways for allyl conversion to acrylonitrile on
molybdenum oxide model clusters.21,22 We found that the
adsorption of allyl, produced from propene activation, is 10 kcal/
mol more favorable on an imido group (ModNH) than on an
oxo group (ModO). In addition, we found that reaction
thermodynamics for the ammoxidation process is most favorable
at the imido group of the oxo-imido species.
In our recent (2007) studies2 on propene oxidation, we found
a low-energy pathway for propene CH activation using BiV with
a calculated barrier of ∆H‡ ) 11.0 kcal/mol (∆G‡ ) 30.4 kcal/
mol), which is ∼3 kcal/mol lower than the experimentally
measured barrier for allyl formation on pure Bi2O3. In contrast,
we found that this process is not feasible on BiIII (being highly
endothermic, ∆E ) 50.9 kcal/mol, ∆G ) 41.6 kcal/mol)22 or
pure molybdenum oxide (prohibitively high barriers, ∆E‡ ) 32.5
kcal/mol, ∆G‡ ) 48.1 kcal/mol).2 Thus, we suggested that the
CH activation event occurs on (relatively rare) BiV sites on the
Bi2O3 surface.
Jang and Goddard’s thermodynamic studies yielded signifi-
cant insight into the chemistry of the ammoxidation process,
but they did not calculate the barriers for the various reaction
steps, leaving uncertainties in the mechanism. We now report
the complete QM-based mechanism for conversion of allyl to
acrylonitrile on MoO3, including barriers. This report concen-
trates on cluster model MoOx(NH)y (without inclusion of Bi
metal) to establish the fundamental mechanistic steps.
2. Technical Details
2.1. Theoretical Methodology. All calculations were per-
formed using the B3LYP flavor of the density functional theory
(DFT), which combines exact HF exchange with the Becke
generalized gradient exchange function23 and the Lee, Yang,
and Parr correlation functional24 (LYP). Molybdenum and
bismuth were described using the LACVP relativistic effective
core potentials and basis sets of Hay and Wadt,25 which treat
explicitly 14 valence electrons on molybdenum. The O, C, N,
and H atoms were described using the Pople 6-31G** basis
set, including core and valence electrons.
Many of the states involved have unpaired spins, in which
case we optimized the NR up-spin (R) and N down-spin ()
orbitals independently. This is referred to as spin-unrestricted
DFT or UDFT. The net spin projection Ms ) (NR - N)/2 is
loosely referred to as the spin so that Ms ) 1/2 is called a doublet
and Ms ) 3/2 is called a quartet. This is not strictly true since
a determinant wave function with unrestricted orbitals can have
contamination of higher spin states. A double state should have
〈S2〉 ) 0.75 and a quartet should have 〈S2〉 ) 3.75
Geometries were fully optimized for each structure. The
minima and saddle points were confirmed by diagonalizing the
Hessian matrix and computing the vibrational frequencies. Each
minimum had no imaginary frequencies, and each transition state
was confirmed to be a first-order saddle point (one imaginary
frequency). The vibrational frequencies were used to calculate
zero-point energy (ZPE) and enthalpies at 0 K for each structure
and to calculate the enthalpy and entropy corrections to QM
energy at the ammoxidation temperature, 673 K. All calculations
used the Jaguar 6.5 program.26
2.2. Cluster Models. In this work we use the cyclic
Mo3Ox(NH)y cluster derived from the cyclic Mo3O9 cluster
(Figure 2) as a model to represent the catalyst surface (it
accommodates the various numbers of imido groups involved
at various pressures of ammonia). We prefer the cyclic cluster
models since it avoids terminating the clusters with OH groups.
The crystal structure of MoO3 has two ModO oxo double
bonds (1.68 Å average bond distance), two Mo-OsMo single
bonds (2.02 Å distance), and two donor-acceptor or coordinate
(nonbonded) oxygens at 2.3 Å as shown in Figure 3.27 Such
Mo sites are sometimes referred to as a distorted octahedron
and sometimes as a distorted tetrahedron. Thus, there are three
structurally distinct lattice oxygens in MoO3: (1) terminal oxo
oxygen, making an oxo bond to one molybdenum with a Mo-O
distance of 1.68 Å, (2)stabilized oxo oxygen, making an oxo
bond to one molybdenum with a Mo-O distance of 1.68 Å
and weakly coupled in a donor-acceptor bond to another sur-
face molybdenum at a distance of 2.30 Å, and (3) ether
bridging oxygen atoms singly bonded to two surface mo-
lybdenum atoms at a distance of 2.02 Å and weakly coupled
in a donor-acceptor bond with a Mo of the underlying
sublayer at a distance of 2.31 Å.
A similar bonding configuration is found in R-Bi2Mo3O12,
one of the most active mixed Mo/Bi catalysts.28
Figure 1. Proposed major species at different partial pressures of feed.19
Figure 2. Cluster model used to represent the MoVI site in Mo3O9-
related clusters. The geometry was fully optimized. Selected bond
lengths (Angstroms) and angles (degrees) are shown.
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Evaporation of MoO3 samples from a Knudsen effusion
source shows an abundance Mo3O9 clusters in the vapor, which
is proposed to have the six-membered ring structure in Figure
2.29,30 Several experiments have been reported on the reaction
of these gas-phase molybdenum oxide clusters with small
alcohols, alkanes, alkenes, and ammonia as models for studying
the mechanisms of heterogeneous catalysis.31,31 These studies
show that Mo3O9-type clusters are reactive toward oxidation of
CO, C-C activation of cyclopropane and propene, and dehy-
drogenation of NH3. Thus, we consider the Mo3O9 cluster
(Figure 2) to represent the active molybdenum site for oxidation,
with the expectation that it has reactivity, stoichiometry, and
coordination similar to that found in both pure MoO3 and
R-Bi2Mo3O12 catalysts (see Figure 3). In this cluster model, each
molybdenum is coordinated to two terminal oxo oxygens and
two bridging or ether oxygens, corresponding to oxo and ether
bridging oxygens in the MoO3 crystal.
This cluster model was used by Goddard and Jang (2001) in
mechanistic studies of (amm)-oxidation of propene21,22 and by
Fu et al. (2005) to study methane and propane activation.32,33
We previously (2007) employed this Mo3O9 cluster in mecha-
nistic studies of propene oxidation on bismuth molybdates and
found it represented the active Mo surface sites sufficiently well
to enable an understanding of the reaction mechanism.2
3. Results
We now extend the exploration of the thermodynamics for
various pathways in earlier work by Goddard and co-workers
to include the relevant barriers. As previously reported, the initial
C-H activation event (first hydrogen abstraction) can occur on
a Bi site, but all subsequent reactions occur on Mo sites.2 Here
we start with an allyl radical (presumably generated on a BiO
site) which is allowed to react with various Mo sites. We
consider how the pathways change for conversion of an allyl
intermediate to acrylonitrile under different pressures of am-
monia: (1) low feed pressure, leading to the presence of one
“oxo-imido” surface species (Figure 1) surrounded by
“oxo-oxo” species, (2) intermediate feed pressure, leading
to “oxo-imido” as major surface species, and (3) high feed
pressure, leading to a surface with mostly “imido-imido”
species.
3.1. Low Feed Pressures. We consider that low partial
pressures of feed leads to surface sites that involve an
“oxo-imido” surface species surrounded by “oxo-oxo” species
(S1 in Figure 1). We study this using the Mo3O8(NH) cluster
model. We find that conversion of allyl to acrylonitrile involves
several steps: (1) adsorption of allyl onto the ModNH group
(1 f 2), (2) abstraction of the second hydrogen from CR to
form surface-bound NHdCH-CHdCH2 (2 f TS1 f 3), (3)
abstraction of the hydrogen from NH to form surface-bound
Mo-NdCH-CHdCH2 (3 f TS2 f 4 or 3 f TS4 f 7),
(4)abstraction of the last hydrogen from CR to form surface-
bound acrylonitrile (NC-CHdCH2) (4 f TS3 f 5 or 7 f
TS5f 5). However we find below (step 7) that this step is not
favorable unless proceeded by reoxidation of the site, (5)de-
sorption of acrylonitrile product (5 f 6), (6) loss of water
product from 6 and reoxidation of cluster to reform 1 (not shown
in Figure 4).
The potential-energy surface for ammoxidation of allyl radical
under low feed pressure is shown in Figure 4 (here the net spin
for each cluster is Ms ) 1/2, which we refer to as doublet). We
find two distinct pathways for steps 3 and 4, both leading to
the same product 5: one involves formation of H2O in step 3 (3
f TS2f 4) by transferring the first two hydrogens to the same
oxo group (path a) and the other involves formation of two OH
groups on the surface in step 3 (3fTS4f7) by transferring
the first two hydrogens to two different oxo groups (path b).
After step 4, both pathways converge to the same products
and are energetically comparable.
3.1.1. Step 1:Adsorption of Allyl onto the ModNH Group
(1 f 2), (Figure 4). This reaction is highly exothermic (∆E )
-39.7 kcal/mol; ∆G673K ) -9.4 kcal/mol). The C-N bond
distance in 2 is 1.48 Å (normal single bond), and the activated
MoV-N bond distance is 1.92 Å (normal Mo-N single bond).
This allylic N insertion is 16.4 kcal/mol more favorable (∆G673K
) 12.6 kcal/mol) than insertion into an oxo group of the same
cluster (allylic O insertion, 2-oxo in Scheme 2), which agrees
with previous calculations21,22 and with experimental observation
by Grasselli et al.17 that allylic N insertion is faster than O
insertion. This indicates that the spectator oxo stabilization is
16 kcal more favorable that spectator imido.
We also considered migration of allyl from the oxo bond to
a neighboring imido, which has been suggested to be favorable
based on interpretations of experimental observations.17 For
example, we searched for a transition state for allyl migration
from σ-O-allyl to σ-N-allyl, but such transition states described
allylic O insertion instead (Scheme 2).
Allylic O insertion occurs through formation of a π-allyl
intermediate (1-π-allyl in Scheme 2) with ∆E ) -3.8 kcal/
mol (∆G673K ) 16.9 kcal/mol). The energy barrier for this O
insertion (TS-oxo) starting with the π-allyl intermediate is ∆E‡
) 4.4 kcal/mol (∆G‡673K ) 7.6 kcal/mol). The reverse barrier
for allyl desorption from an oxo group is ∆E‡ ) 24.0 kcal/mol
(∆G‡673K ) 21.3 kcal/mol). Combining this with the favorable
allylic N insertion shows that allyl migration from ModO to
ModNH is favorable (calculated ∆E )-16.3 kcal/mol, ∆G673K
) -12.6 kcal/mol), as observed experimentally. This is
consistent with the higher yield of acrylonitrile compared to
acrolein observed under ammoxidation conditions. The process
of allyl migration from oxo to imido likely goes through an
intermediate that connects the transition state for allyl desorption
from ModO to the one for allyl adsorption onto ModNH,
similar to a reported mechanism for 1,3-migration in allylperoxyl
radicals.34
3.1.2. Step 2: Abstraction of the Second Hydrogen from
Cr To Form Surface-Bound NHdCH-CHdCH2 (2 f TS1
f 3). This second CR-hydrogen is abstracted by a neighboring
ModO group, which is promoted by spectator oxo stabilization.
Figure 3. Types of oxygen atoms on the R-MoO3(010) surface. The
terminal and stabilized oxo oxygen distances to the bonded Mo are
both 1.68 Å, while the Mo-OsMo ether-like single bonds are
2.02 Å.
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The net ∆E barrier for this step through the transition state TS1
is 33.4 kcal/mol (∆G‡673K ) 34.3 kcal/mol), which should be
favorable at the reaction temperature, 400 °C. In TS1 (Figure
5), the O-H bond distance is 1.14 Å, the CR-H distance is
1.49 Å, and the C-N bond decreases from 1.46 to 1.38 Å,
indicating a late transition state in which hydrogen abstraction
is almost complete. The ModO bond at the hydrogen-abstract-
ing site elongates from 1.71 to 1.82 Å, while the ModNH bond
distance (1.97 Å) changes little. The imaginary frequency
transition-state eigenvector (ν) 1126i cm-1) indicates hydrogen
abstraction by a neighboring MoVIdO group.
This transition state leads to the product intermediate 3 with
∆E ) -31.1 kcal/mol (∆G673K ) -1.4 kcal/mol) with Mo-NH
) 2.09 Å, CR-N ) 1.30 Å, and CR-C ) 1.44 Å, indicating
Figure 4. Potential-energy surface for allyl conversion to acrylonitrile over the Mo3O8NH cluster (appropriate for low partial pressure of feed).
The top energy parameter (kcal/mol) is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. There are two alternative
pathways for going from 3 to 5: solid line shows path a, and the dashed line shows path b. We will find that step 4 to form 5 is much more favorable
when species 4 or 7 is first oxidized. All reported values are for the doublet state (Ms ) 1/2).
SCHEME 2: Reverse Barrier for Allyl Desorption from an Oxo Group Combined with Favorable Allylic N Insertion
Shows That the Allyl Migration from ModO to ModNH is Favorable, in Agreement with Experimenta
a The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are in
kcal/mol.
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formation of the NHdCH-CHdCH2 fragment coordinated to
the reduced Mo site via a donor-acceptor interaction, (the
isolated fragment has CdN ) 1.28 Å, C-C ) 1.47 Å, and
CdC ) 1.34 Å). The adjacent MoV-OH distance is 1.91 Å.
We also located a second isomer (2.6 kcal/mol less stable than
3) in which the NHdCH-CHdCH2 fragment is rotated by
∼180° around the Mo-NH axis (this was not pursued further).
The energy cost to desorb the premature byproduct,
NHdCH-CHdCH2, is huge, ∆H ) 42.5 kcal/mol (∆G673K )
10.8 kcal/mol) with respect to 3. Thus, we do not expect the
NHdCH-CHdCH2 to desorb from its formation site, and we
will consider that the NHdCH-CHdCH2 stays at the current
site. (Possibly the NHdCHdCHdCH2 could diffuse over the
surface until it finds another active site.)
3.1.3. Step 3: Third Hydrogen Abstraction from NH To
Form Surface-Bound Mo-NdCH-CHdCH2. This next step
abstracts the hydrogen from the N-H bond in the
Mo-(NHdCH-CHdCH2) moiety by either neighboring
MoV-OH group (3 f TS2 f 4 on path a) or MoVIdO group
(3 f TS4 f 7 on path b) to give 4 or 7, respectively. The two
alternative pathways are discussed below.
3.1.3.a. Path a (3 f TS2 f 4). The third hydrogen
abstraction is energetically more favorable than the second
hydrogen abstraction, with a net transition-state barrier (TS2)
of ∆E ) 22.3 kcal/mol (∆G‡673K ) 23.7 kcal/mol). This
transition-state structure has O-H ) 1.16 Å, CR-H ) 1.36 Å,
and C-N ) 1.29 Å. The Mo-OH bond elongates from 1.91
to 2.12 Å, and the Mo-(NHdCH-CHdCH2) distance de-
creases from 2.09 to 2.01 Å, indicating formation of a Mo-N
covalent single bond (broken in complex 3) which assists in
stabilization of this transition state. As the H transfers, the
Mo-Mo distance contracts from 3.64 to 3.44 Å, with a
hydrogen bond of 2.08 Å between H on the forming Mo-OH2
group and a neighboring ModO. The transition-state eigenvector
corresponding to the imaginary frequency ν ) 808i cm-1
corresponds to hydrogen transfer from NH to the adjacent
MoV-OH group.
This transition state on path a leads to intermediate 4 at ∆E
) -19.9 kcal/mol, which has three different sites: MoV-(Nd
CH-CHdCH2), MoIV-OH2, and and MoVIdO. On the free
energy surface, the calculated ∆G673K value for 4 is 2.3 kcal/
mol higher than for TS2 (but the flatness of the potential-energy
surface at this step may make the entropy estimate less reliable).
The structure of 4 is very similar to that of TS2 but with the
Mo-OH2 bond increased slightly to 2.18 Å and the Mo-N
decreased slightly to 1.96 Å. There are two hydrogen bonds
between the hydrogens of Mo-OH2 with the nitrogen of
Mo-(NdCH-CHdCH2) and the oxygen of an adjacent
ModO, with distances of 1.73 and 1.911 Å, respectively. We
located another isomer lying only 1.0 kcal/mol above 4.
3.1.3.b. Path b (3 f TS4 f 7). Here the third hydrogen in
3 is abstracted by an oxo group on a neighboring MoVI site to
give 7 with Mo-(NdCH-CHdCH2) and two MoV-OH sites.
The net ∆E barrier for this step through the transition state TS4
is 27.9 kcal/mol (∆G‡673K ) 25.0 kcal/mol), which is 5.6 kcal/
mol higher than the corresponding barrier (TS2) in path a. In
TS4 (Figure 5), the O-H, CR-H, and C-N bond distances
are 1.13, 1.42, and 1.29 Å, respectively. The ModO bond
elongates from 1.74 to 1.83 Å, and the
Mo-(NHdCH-CHdCH2) distance decreases slightly from
2.09 to 2.03 Å. The transition-state normal mode has an
imaginary frequency of 746i cm-1.
TS4 leads to 7 (∆E ) -17.1 kcal/mol, ∆G673K ) 8.3 kcal/
mol), with a structure very similar to that of TS4, with a
Mo-(NdCH-CHdCH2) distance of 1.93 Å, C-N ) 1.29 Å,
and two MoV-OH distances of 1.90 and 1.91 Å. We located
another conformer of 7 that is 6.2 kcal/mol more stable (but
with greater spin contamination, 〈S2〉 ) 1.262). However, this
more stable conformation first must convert back to 7 in order
to participate in the next reaction step, so we did not pursue
this conformation further.
3.1.4. Step 4: Abstraction of the Last Hydrogen from Cr
To Form Surface-Bound Acrylonitrile (NC-CHdCH2). The
last hydrogen abstraction can occur by either a neighboring
MoVIdO group (4f TS3f 5 on path a) or a MoV-OH group
(7 f TS5 f 5 on path b), both leading to the same product 5.
The two different pathways are discussed below.
3.1.4.a. Path a (4 f TS3 f 5). Following step 3 on path a
is the fourth hydrogen abstraction from the CR-H bond by a
neighboring MoVIdO group to give intermediate 5 with three
reduced sites, two MoIV sites and one MoV. The net ∆E barrier
for this step through the transition state T3 is 59.7 kcal/mol
(∆G‡673K ) 74.0 kcal/mol), which is significantly higher than
previous barriers and 26.0 higher than the calculated barrier for
the rate-determining second hydrogen abstraction. This pro-
hibitively high barrier is likely to be due to the reduced nature
of the Mo centers, and in step 5 we discuss an alternative
pathway for the fourth hydrogen abstraction.
TS3 has O-H ) 1.13 Å, N-H ) 1.47 Å, and N-C ) 1.25
Å, with the ModO distance at the H-accepting site elongated
from 1.74 to 1.92 Å. There is a strong hydrogen bond between
the H on the Mo-OH2 and the hydrogen-abstracting ModO
with a distance of 1.58 Å. The imaginary mode for this transition
state has a frequency of 1087i cm-1. Here 〈S2〉 ) 0.952,
Figure 5. Structural parameters for the transition states of allyl
conversion to acrylonitrile over Mo3O8NH (low partial pressure of feed).
Bond lengths are in Angstroms.
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indicating strong spin contamination due to a close-lying quartet
state, which points to considerable triradical character. Single-
point energy calculation at the TS3 geometry puts this quartet
state only 2.6 kcal/mol above the doublet.
TS3 leads to intermediate 5 at ∆E ) 2.4 kcal/mol (∆G673K
) 24.9 kcal/mol), which consists of MoIV-OH2 and MoV-OH
sites, along with acrylonitrile coordinated to the third molyb-
denum site, MoIV. The Mo-(NC-CHdCH2) distance is 2.05
Å, and N-C ) 1.17 Å, with a Mo-N-C angle of 170° because
the nitrogen lone pair coordinates with the reduced molybdenum.
The Mo-OH2 distance is 2.15 Å, and Mo-OH ) 2.06 Å, with
a Mo-OH2-OH-Mo hydrogen-bond distance of 1.41 Å,
indicating a strong HB. This state has considerable triradical
character, as indicated by 〈S2〉 ) 1.221 (the quartet state is only
0.6 kcal/mol above the doublet). We found similar spin
contamination for some species in our study of propene
oxidation.2 We concluded that it occurs when MoIV sites are
formed, since the lowest electronic state for this d2 metal center
is a triplet.
3.1.4.b. Path b (7 f TS5 f 5). Following step 3 on path b
is the fourth hydrogen abstraction from the CR-H bond by a
neighboring MoV-OH group to give 5, the intermediate
common to both path a and path b. The net ∆E barrier through
the transition state TS5 is 51.1 kcal/mol (∆G‡673K ) 48.2 kcal/
mol), which is significantly higher than the barriers for previous
steps. Although 8.6 kcal/mol lower in energy than the corre-
sponding TS3 in path a, it is still too high to occur at the reaction
temperature (400 °C). In TS5, O-H ) 1.12 Å, C-H ) 1.54
Å, and N-C ) 1.26 Å. The breaking Mo-OH bond elongates
from 1.90 to 2.13 Å, and the Mo-N decreases from 1.93 to
1.88 Å. This is unexpected since this transition state leads to
the acrylonitrile coordinated to MoIV (5) with a Mo-N distance
of 2.05 Å. There is hydrogen bonding between two neighboring
Mo-OH groups, with an O-H distance of 1.90 Å. The
imaginary mode for this transition state has a frequency of 674i
cm-1.The 〈S2〉 value is 1.491, indicating considerable triradical
character (single-point energy calculation for the quartet state
at the geometry of TS5 shows that the quartet state is only 4.9
kcal/mol higher than the doublet).
3.1.5. Step 5: Desorption of Acrylonitrile Product (5 f 6).
We find three different acrylonitrile dissociation energies,
depending on the structure of the corresponding reduced cluster.
All three isomers include a vacant site on Mo, a Mo-H2O bond,
and a Mo-OH site, with the main differences lying in the degree
of Mo-Mo bonding.
The highest acrylonitrile desorption energy, ∆E ) 23.7 kcal/
mol (∆G673K ) -1.2 kcal/mol), corresponds to the structure
that involves no formation of Mo-Mo bonds, with an average
Mo-Mo distance of 3.48 Å. This structure leads to formation
of two MoIV and one MoV sites. We calculate that the doublet
is lowest, with one unpaired spin on the MoV. However, there
is a significant amount of spin contamination (〈S2〉 ) 1.810),
indicating a low-lying quartet state, and triradical character.
The second isomer of the reduced cluster involves formation
of a Mo-Mo bond between the MoIV (with a vacant site) and
the MoIV-OH2, with a Mo-Mo distance of 2.74 Å (6, Figure
6). The desorption of acrylonitrile to form the product isomer
is endothermic by ∆E ) 12.1 kcal/mol but exothermic on the
free energy surface by ∆G673K ) -9.4 kcal/mol due to the
increase in entropy. Here 〈S2〉 ) 0.766, indicating a stable
doublet state. The other two Mo-Mo distances are 3.37 and
3.34 Å.
The third isomer that can be formed from AN desorption has
two new Mo-Mo bonds: one between the MoIV with the vacant
site and the MoIV-OH2 (R ) 2.76 Å) and the other Mo-Mo
bond between the MoIV with the vacant site and the MoV-OH
(R ) 2.66 Å). This significantly stabilizes the system, leading
to an acrylonitrile dissociation energy of ∆E ) 2.5 kcal/mol
(∆G673K ) -20.8 kcal/mol). The 〈S2〉 ) 0.765, indicating a
stable doublet.
All three pathways might play a role in heterogeneous
systems, depending on the crystal structure of catalyst. The
formation of Mo-Mo bonds is favorable, but in a bulk oxide,
the lattice strain to form these Mo-Mo bonds might be large
and could prevent its participation, particularly for formation
of two simultaneous Mo-Mo bonds. Consequently, the isomer
corresponding to one Mo-Mo bond may be closer to the
product structure for heterogeneous surfaces.
In our previous study of propene oxidation,2 we found that
the energy for O2-assisted desorption of final product (acrolein)
decreases from ∆E ) 31.9 kcal/mol (∆G673K ) 5.3 kcal/mol)
to ∆E ) 4.5 kcal/mol (∆G673K ) -20.4 kcal/mol). Hence, it is
likely that a similar mechanism would be favorable here.
However, the simultaneous formation of a Mo-Mo bond (such
as the one present in 10) decreases the energy of the product
state, so that acrylonitrile desorption is favorable even in the
absence of simultaneous reoxidation.
3.1.6. Step 6: Loss of Water Product from 5. Simple
desorption of water from 5 leaves behind a vacant MoIV, a
MoV-OH, and a MoIV-(NC-CHdCH2) site, with an endot-
hermicity of 31.7 kcal/mol (∆G673K ) 5.5 kcal/mol) when no
Mo-Mo bonds are formed. However, here again the desorption
is considerably enhanced by formation of Mo-Mo bonds
between the reduced sites, leading to a very favorable H2O
desorbtion energy of ∆E) 13.7 kcal/mol (∆G673K )-14.4 kcal/
mol).
3.1.7. Step 7: Reoxidation Prior to the Fourth Hydrogen
Abstraction (Scheme 3). We saw above that steps 4f TS3f
5 or 7f TS5f 5 have prohibitively high barriers (net ∆E‡ )
59.7 and 51.1 kcal/mol, respectively) at the experimental
reaction temperature. However, by the point at which this fourth
H is to be abstracted the Mo atoms are already significantly
reduced. Thus, allowing reoxidization of this site prior to the
fourth hydrogen abstraction might significantly reduce these
barriers. Thus, we studied the hydrogen abstraction from a
Mo3O8(NdCH-CHdCH2) cluster consisting of two fully
oxidized MoVIdO centers and one Mo-NdCH-CHdCH2
center.
Energetics for this process are given in Scheme 3. In reactant
8, the Mo-(NdCH-CHdCH2) distance is 1.86 Å and the
Mo-N-C angle is 150°, suggesting that the nitrogen lone pair
is interacting with the Mo (as compared to the bonding in 4
where the Mo-N distance is 1.96 Å and the Mo-N-C angle
is 132°). The barrier for the last H abstraction through TS6 is
Figure 6. Structure of reduced cluster resulting from acrylonitrile
desorption at low partial pressures of feed. This isomer involves
formation of one Mo-Mo bond. Bond lengths are in Angstroms.
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30.7 kcal/mol (∆G‡673K ) 30.4 kcal/mol), which is 9.2 kcal/
mol lower than the TS3 barrier with respect to 4 in path a.
In TS6, the O-H ) 1.14 Å, N-H ) 1.48 Å, and N-C )
1.25 Å. The ModO distance at the H-accepting site elongates
from 1.71 to 1.83 Å, and the Mo-N distance changes slightly
to 1.88 Å. The transition-state normal mode has an imaginary
frequency of 1020i cm-1. Adsorbed acrylonitrile and the
MoV-OH are formed in product 9 at ∆E ) 14.5 kcal/mol
(∆G673K ) 5.0 kcal/mol), with a Mo-(NC-CHdCH2) distance
of 2.07 Å and a Mo-N-C angle of 174°. It also involves a
weak hydrogen bonding between ModO and Mo-OH with
distance of 2.16 Å. The corresponding Mo-Mo distance is 3.30
Å. Here 〈S2〉 ) 1.003, indicating significant triradical character
(the quartet state is calculated to lay 1.6 kcal/mol above doublet).
Another isomer of 9 at ∆E ) 15.9 kcal/mol (∆G673K ) 5.5 kcal/
mol) does not involve such weak hydrogen bonding, and the
corresponding Mo-Mo distance is 3.46 Å. Here 〈S2〉 ) 0.756,
indicating a doublet.
Desorption of acrylonitrile from 9 yields the Mo3O7(OH)
cluster 10, with one Mo-Mo bond between the vacant Mo and
the Mo-OH (RMo-Mo ) 2.82 Å). This desorption occurs at ∆E
) 19.9 kcal/mol (∆G673K ) -3.1 kcal/mol). The wave function
for 10 has 〈S2〉 ) 0.766, indicating a doublet. We could have
also formed the Mo3O7(OH) cluster with no Mo-Mo bonds,
but it has an energy ∆E higher by 10.5 kcal/mol (∆G673K higher
by 5.1 kcal/mol) and 〈S2〉 ) 1.413 .
The barrier through TS6 is 30.7 kcal/mol (∆G‡673K ) 30.4
kcal/mol) and thus quite feasible at 400 °C. Since the observed
activation energy for reoxidation of catalyst is 8-27 kcal/mol35
(depending on the extent of reduction), we expect that the
reoxidation will occur prior to the fourth hydrogen abstraction.
Also, hydrogen(s) from reduced Mo sites might migrate over
the surface, leaving behind MoVIdO groups that can accomplish
the hydrogen abstractions.
Furthermore, simultaneous reoxidation of the MoV-(NdCH-
CHdCH2) site via lattice oxygen migration during the reaction
might lower the fourth H-abstraction barrier even further, an
effect we would not see in our cluster model.
In conclusion, our calculations show that the highest barrier
for conversion of allyl to acrylonitrile is the second CR-hydrogen
abstraction, which is in agreement with the experiment.15 Our
calculations also suggest that reoxidation of reduced sites prior
to hydrogen abstraction significantly improves this process.
Indeed, reoxidation is a necessity for allyl conversion to
acrylonitrile at low feed partial pressures, as the barrier for the
last hydrogen transfer under reduced conditions would be too
high for plausible reaction rates at 400 °C (∆G‡673K ) 48.2 kcal/
mol for path b).
3.2. Intermediate Feed Pressures. At intermediate feed
pressures and low NH3/C3H6 ratios (<0.24), the proposed major
surface species is “oxo-imido” (S3, see Figure 1), while at
higher NH3/C3H6 ratios, the major species is “imido-imido”
(S4). This is a reflection of the equilibrium MdO + NH3 f
MdNH + H2O being driven to the right when a large amount
of ammonia is present. We studied the mechanism for low NH3/
C3H6 ratios and intermediate feed pressures by using a
Mo3O7(NH)2 cluster model with two oxo-imido sites and one
oxo-oxo site, allowing us to compare hydrogen abstractions
by different groups (oxo or imido) with the same model. In
addition, we used the Mo3O6(NH)3 cluster with three oxo-imido
sites, which also represents a major surface species at low ratios
of NH3/C3H6 and intermediate feed pressures.
The doublet potential-energy surface for allyl ammoxidation
on the Mo3O7(NH)2 cluster with dioxo-imido and oxo-oxo
sites and the energetics for an alternative pathway are shown
in Figure 7 and Scheme 4, respectively. The doublet potential-
energy surface for allyl conversion to acrylonitrile on the
Mo3O6(NH)3 cluster with trioxo-imido sites is shown in
Figure 9.
3.2.1. Ammoxidation on the Mo3O7(NH)2 Cluster. First, we
discuss the ammoxidation process on the Mo3O7(NH)2 cluster
(Figure 7).
3.2.1.1. Step 1: Adsorption of Allyl onto the ModNH Group
(11 f 12). Adsorption of allyl onto a ModNH group to give
12 is strongly exothermic (∆E ) -37.8 kcal/mol, ∆G673K )
-8.3 kcal/mol). The N-C bond distance in 12 is 1.48 Å, and
the ModNH distance elongates from 1.76 to 1.93 Å.
3.2.1.2. Step 2: Abstraction of the Second Hydrogen from
CR. The second CR-hydrogen abstraction can occur by either a
neighboring ModNH (12f TS7f 13 on path a) or a ModO
group (12f TS10f 17 on path b, Scheme 4). Both pathways
are discussed below.
3.2.1.2.a. Path a (12 f TS7 f 13). This step involves
abstraction of the second CR-hydrogen by a neighboring
ModNH group to give 13. The net ∆E barrier for this step
through the transition state TS7 is 25.6 kcal/mol (∆‡G673K )
28.9 kcal/mol), which is 7.8 kcal/mol lower than the corre-
sponding barrier using the Mo3O8(NH) cluster (TS1, Figure 4).
This indicates the enhanced oxo-imido spectator effect. Since
this is the rate-determining step in conversion of allyl to
acrylonitrile, the decrease in this barrier suggests that the
conversion rates of propene should be higher for intermediate
than for low feed pressures, which agrees with experimental
observations.19
In TS7 (Figure 8), the distances are 1.26 Å for the newly
forming N-H, 1.42 Å for the breaking CR-H, and C-N )
SCHEME 3: Fourth Hydrogen Abstraction in Conversion of Allyl to Acrylonitrile over Reoxidized Cluster (low partial
pressures of feed)a
a The barrier is reduced by 9.2 kcal/mol compared to the barrier for the reduced site (TS3), making this process much more rapid at reaction
temperature. The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are
in kcal/mol.
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1.40 Å. The ModNH bond at the hydrogen-abstracting site
elongates from 1.76 to 1.86 Å, and the Mo-(NCH2CHdCH2)
distance increases slightly to 1.96 Å. The transition-state normal
mode has an imaginary frequency of 1398i cm-1.
TS7 leads to the intermediate 13 (∆E ) -42.5 kcal/mol,
∆G673K ) -10.8 kcal/mol), where we see that the reduced
complex 13 is 4.7 kcal/mol more stable than its precursor, 12.
In 13, the distances are Mo-NH2 ) 1.95 Å, Mo-(NHdCH-
Figure 7. Potential-energy surface for allyl conversion to acrylonitrile over Mo3O7(NH)2 for intermediate partial pressure of feed. The barrier for
the second hydrogen abstraction (rate-determining step) is 7.4 kcal/mol (∆∆‡G673K ) 5.4 kcal/mol) lower than the corresponding barrier at low
partial pressures of feed, in agreement with experiment. The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and
the bottom is ∆G673K. All reported values are in kcal/mol. All calculations are for the doublet state.
SCHEME 4: Alternative Pathway for Conversion of Allyl to Acrylonitrile (intermediate partial pressure of feed) That
Uses an Oxo Group of a Neighboring Mo Site to Abstract the Second Hydrogena
a This pathway is less favorable energetically by 8.1 kcal/mol than the one involving second H abstraction by a neighboring ModNH group. The
top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All energies are in kcal/mol.
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Figure 8. Structural parameters for the transition states of allyl conversion to acrylonitrile over Mo3O7(NH)2 (intermediate partial pressure of
feed). Bond lengths are in Angstroms.
Figure 9. Potential-energy surface for allyl conversion to acrylonitrile over Mo3O7(NH)3 (intermediate partial pressure of feed). The barrier for the
second hydrogen abstraction (rate-determining step) is 7.1 kcal/mol (∆∆‡G673K ) 4.6 kcal/mol) lower than the corresponding barrier at low partial
pressures of feed, in agreement with experiment. The solid line represents path a, and the dashed line represents path b. The top energy parameter
is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are for the doublet state in kcal/mol.
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CHdCH2) ) 2.08 Å, and N-CR ) 1.30 Å, while 〈S2〉 ) 0.777.
This suggests that the NHdCH-CHdCH2 fragment coordinates
to the reduced molybdenum as a donor-acceptor complex. We
located another isomer 1.0 kcal/mol more stable than 13, with
the NHdCH-CHdCH2 rotated by ∼180° around the Mo-NH
axis and 〈S2〉 ) 0.898.
3.2.1.2.b. Path b (12f TS10f 17). An alternative pathway
involves second hydrogen abstraction by the oxo group of a
neighboring Mo site in 12 as shown in Scheme 4. The net ∆E
barrier for this step through the transition state TS10 is 33.7
kcal/mol (∆‡G673K ) 33.9 kcal/mol), which is 8.1 kcal/mol
higher than the corresponding hydrogen abstraction by a
neighboring ModNH group through TS7. This is consistent with
the corresponding barrier through TS1 at low pressures of feed
(∆E‡ ) 33.0 kcal/mol). This suggests that conversion rates will
be lower when the second hydrogen abstraction occurs by an
oxo group, which occurs at low feed pressures (i.e., with a fewer
number of ModNH species on the surface), in agreement with
experimental observations.19
The structure of TS10 is very similar to that of TS1,
corresponding to the second H abstraction at low partial
pressures. TS10 leads to intermediate 17 at ∆E ) -27.7 kcal/
mol (∆G673K ) 1.9 kcal/mol), which is 14.8 kcal/mol less stable
than the corresponding species 13 due to loss of energy in
breaking the stronger ModO bond, as compared to the weaker
ModNH bond. The transition-state normal mode of TS10 has
an imaginary frequency of 1049i cm-1.
The intermediate 17 can also be accessed through hydrogen
transfer from the Mo-NH2 group in 13 to the neighboring
ModO group, as shown in Scheme 3. The net ∆E barrier for
this hydrogen migration through transition state TS11 is only
19.5 kcal/mol (∆‡G673K ) 18.7 kcal/mol) with respect to 13,
suggesting that hydrogen migration over the catalyst surface is
rapid in this catalytic system. In TS11, the breaking N-H bond
distance is 1.44 Å and the forming O-H distance is 1.11 Å.
The Mo-NH2 decreases from 1.95 to 1.86 Å, and the ModO
increases from 1.74 to 1.85 Å. The transition-state normal mode
has an imaginary frequency of 801i cm-1, and 〈S2〉 ) 1.164,
indicating some triradical character.
Further steps in the ammoxidation process continuing from
17 lead to the final product 18 which features a MoIV-OH2, a
MoV-NH2, and an acrylonitrile coordinated to a MoIV site, at
∆E ) -20.2 kcal/mol (∆G673K ) 5.9 kcal/mol).
3.2.1.3. Step 3: Abstraction of the NH Third Hydrogen (13
f TS8f 14). Continuing from 13 in Figure 6, the next step in
ammoxidation is abstraction of the hydrogen in the N-H bond
of the Mo-(NHdCH-CHdCH2) moiety by a neighboring
Mo-NH2 group to give 14 with MoV-(NdCH-CHdCH2) and
MoIV-NH3 sites. This step through transition state TS8 has a
net barrier of ∆E ) 7.2 kcal/mol (∆G‡673K ) 8.7 kcal/mol) with
respect to 13, making it very rapid. This low barrier, which
involves breaking the Mo-NH2 bond, indicates that the single
covalent MoV-NH2 bond is weaker than the corresponding
MoV-OH bond in 3, where this barrier through TS2 is 13.7
kcal/mol with respect to 3. The distances are 1.26 Å for the
breaking N-H at Mo-(NHdCH-CHdCH2) and 1.35 Å for
the forming N-H at Mo-NH2. The Mo-(NHdCH-CHdCH2)
distance decreases from 2.11 to 2.02 Å, and the Mo-NH2 bond
elongates from 1.94 to 2.13 Å. The transition-state normal mode
has an imaginary frequency of 1218i cm-1
In product 14, the MoV-(NdCH-CHdCH2) distance is 1.92
Å and the MoIV-NH3 distance is 2.28 Å (donor-acceptor
coordination). We found another conformer of 14 that is 3.1
kcal/mol more stable, with the NdCH-CHdCH2 fragment
rotated about 180° around the Mo-N axis. This state has 〈S2〉
) 1.113, indicating partial quartet character, and we do not
consider this conformer further.
3.2.1.4. Step 4: Abstraction of the Last Hydrogen from CR
(14 f TS9 f 15). The final step in conversion of allyl to
acrylonitrile is the fourth hydrogen abstraction from the CR-H
bond by a neighboring MoVIdO group to give intermediate 15.
The net ∆E barrier for this step through the transition state TS9
is 34.0 kcal/mol (∆G‡673K ) 33.4 kcal/mol), which is 25.3 kcal/
mol lower than the corresponding barrier at low partial pressures
(TS3), further contributing to higher conversion rates at
intermediate feed pressures. This high activation energy arises
because all three molybdenum centers are reduced to unfavor-
able MoIV and MoV oxidation states, similar to the effect
observed in TS3. This step is feasible at the reaction temper-
atures, but the barrier is 8.4 kcal/mol higher than the barrier
for the second hydrogen abstraction. We will also explore
an alternative pathway employing reoxidized cluster
Mo3O7(NH)(NdCH-CHdCH2) later in this section.
In TS9 distances are O-H ) 1.06 Å, CR-H ) 1.64 Å, and
C-N ) 1.25 Å, and the ModO bond at the H-abstracting site
elongates from 1.74 to 1.89 Å. The transition-state normal mode
corresponds to a hydrogen transfer between CR and ModO with
an imaginary frequency of 316i cm-1. The TS9 leads to the
intermediate 15 at ∆E ) -25.5 kcal/mol (∆G673K ) -0.5 kcal/
mol), which consists of MoIV-NH3, MoV-OH, and acrylonitrile
coordinated to the third MoIV site. The structure of 15 is very
similar to that of 5, except that the Mo-NH3 distance is 2.22
Å, Mo-OH ) 2.01 Å, and the hydrogen bond distance between
NH3 and OH is 1.78 Å. The 〈S2〉 ) 1.136, analogous to that
of 5.
3.2.1.5. Step 5: Desorption of Acrylonitrile Product (15 f
16). Desorption of acrylonitrile from 15 to give 16 with one
Mo-Mo bond between a vacant MoIV and Mo-NH3 (RMo-Mo
) 2.74 Å) is endothermic by ∆E ) 13.8 kcal/mol (∆G673K )
-7.7 kcal/mol). The isomer with two Mo-Mo bonds
(RMo-Mo-NH3 ) 2.66 Å and RMo-Mo-OH ) 2.76 Å) has the
acrylonitrile desorption energy ∆E ) 3.0 kcal/mol (∆G673K )
-19.8 kcal/mol), while the isomer with no Mo-Mo bonds leads
to ∆E ) 26.0 kcal/mol (∆G673K ) 1.8 kcal/mol).
3.2.1.6. Step 6: Reoxidation Prior to the Fourth Hydrogen
Abstraction (Scheme 5). To verify that the fourth hydrogen
abstraction rate increases when the active surface site is
reoxidized, we consider this step using the Mo3O7(NH)-
(NdCH-CHdCH2) cluster (19). This cluster has two fully
oxidized molybdenum centers, MoVIdNH and MoVIdO, where
the MoIV-NH3 in 14 is replaced by a MoVIdNH via an
ammonia activation process. We continue to employ a neighbor-
ing ModO group for the hydrogen abstraction, although this
barrier would likely decrease if a ModNH group is utilized
instead. The energies for this mechanism are given in
Scheme 5 .
The Mo-(NdCH-CHdCH2) distance in 19 is 0.05 Å shorter
then the corresponding distance in 14, indicating additional
donor-acceptor bonding in Mo-N through the nitrogen lone
pair coordination to molybdenum, as is evident from the slightly
larger Mo-N-C angle in 19 (145°) than in 14 (133°). The
barrier for the last H abstraction through TS12 is 24.6 kcal/
mol (∆G‡673K ) 27.7 kcal/mol), which is 8.1 kcal/mol lower
than the TS9 barrier with respect to 14. In addition, it is 6.1
kcal/mol lower than the corresponding barrier at low partial
pressures of feed (TS6 in Scheme 3), which further contributes
to higher conversion rates at intermediate feed pressures. We
expect that the activation energy will decrease further if this
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step is coupled with reoxidation of the Mo-(NC-CH-CH2)
site via lattice oxygen migration.
The structure of TS12 is very similar to that of TS6 (Figure
5), except for the presence of one ModNH group. The
transition-state normal mode has an imaginary frequency of
1011i cm-1. Product 20 is at ∆E ) 17.4 kcal/mol (∆G673K )
13.1 kcal/mol) and has a Mo-(NC-CHdCH2) distance of 2.05
Å and Mo-N-C angle of 177°.
Desorption of acrylonitrile from 20 to give Mo3O6(OH)(NH)
(21) with a Mo-Mo bond between a vacant Mo and a Mo-OH
site (RMo-Mo ) 2.81 Å) has a desorption energy ∆E ) 10.4
kcal/mol (∆G673K ) -9.0 kcal/mol). For the case of formation
of reduced cluster with no Mo-Mo bonds, the desorption energy
is ∆E ) 22.9 kcal/mol (∆G673K ) 1.3 kcal/mol).
3.2.3. Ammoxidation on Mo3O7(NH)3 Cluster. We also
explored the ammoxidation process on a Mo3O6(NH)3 cluster
with three oxo-imido groups, which may be the major surface
species for intermediate pressures of feed. The doublet potential-
energy surface is shown in Figure 9. We observe two possible
pathways leading to the same product, similar to the mechanism
at low partial pressures (Figure 4). One pathway involves
formation of Mo-NH3 by transferring first two hydrogens to
the same imido group (path a, solid line), while the other
pathway involves transferring the first two hydrogens to two
different imido groups, resulting in two Mo-NH2 on the surface
(path b, dashed line). The two pathways are energetically similar
to each other as well as to the pathway involving the
Mo3O7(NH)2 cluster, with two oxo-imido and one oxo-oxo
groups (Figure 7), which is expected to occur under similar
experimental conditions.
We located two conformers of an allyl adsorption product,
with conformer 23 9.8 kcal/mol (∆G‡673K ) 10.6 kcal/mol) more
stable. The less stable conformer has the “allyl” moiety rotated
by about 90° around an axis perpendicular to the Mo-NH bond
in the Mo-NH-CH2-CHdCH2 fragment of 23, which leads
to interference with terminal oxo groups on neighboring Mo
sites of the catalyst surface, so that this conformer is not
expected to participate in the reaction. The ∆E net barrier for
the second hydrogen abstraction by a neighboring ModNH
group in 23 to give 24 is 25.9 kcal/mol (∆G‡673K ) 29.7 kcal/
mol). The structure of this transition state (TS13) is very similar
to the analogous TS7 with two oxo-imido and one oxo-oxo
groups (Figure 8).
The remainder of the energy surface follows the same general
pattern as that found for high partial feed pressures, which is
discussed in detail below. The details of reaction mechanism
for Mo3O7(NH)3 cluster are included in the Supporting Informa-
tion.
3.3. High Feed Pressures. The major surface species at
higher feed pressures is the di-imido species. We explored
ammoxidation over this surface using the Mo3O3(NH)6 cluster
model, which has three imido-imido sites. Probably there will
not be complete substitution of all terminal oxygens with imido
groups, but this provides an extreme on the range of imido-
substituted Mo3O9 clusters.
The potential-energy surface for conversion of allyl radical
to acrylonitrile over the Mo3O3(NH)6 cluster is shown in Figure
10. As is the case for ammoxidation over Mo3O6(NH)3 (Figure
9), there are two possible pathways leading to the same product:
path a involves the first two hydrogen abstractions occurring
on the same neighboring ModNH group (solid line), and path
b involves the first two abstractions occurring on two different
neighboring ModNH groups (dashed line).
3.3.1. Step 1: Adsorption of Allyl onto the ModNH Group
(32 f 33). Allyl adsorption onto a ModNH to give 33 is
exothermic by ∆E ) -26.6 kcal/mol (∆G673K ) 3.9 kcal/mol),
which is about 10 kcal/mol less than the energy released for
the same step over Mo3O8(NH) or Mo3O6(NH)3 clusters. This
difference arises due to the stronger effect of a spectator oxo
group than that of a spectator imido group, which is consistent
with the earlier work of Allison and Goddard,36 who estimated
the difference in the spectator oxo and imido effect to be 15
kcal/mol. Consequently, formation of the rest of the intermedi-
ates and transition states involving di-imido sites is less
exothermic than those with oxo-imido sites. We located another
conformer of 33 that is 2.4 kcal/mol more stable, but it would
need to convert to 33 prior to participating in second hydrogen
abstraction.
3.3.2. Step 2: Abstraction of the Second Hydrogen from
Cr (33 f TS19 f 34). The net ∆E barrier for the second
hydrogen abstraction through the transition state TS19 is 18.6
kcal/mol (∆G‡673K ) 23.5 kcal/mol), which is 14.8 kcal/mol
lower than the corresponding barriers at low and intermediate
partial pressures (33.4 and 25.6 kcal/mol, respectively). We thus
conclude that increased imido substitution is beneficial to the
ammoxidation rates, in accordance with experimental observa-
tion. According to our results, propene conversion is higher at
higher feed pressures because the majority of surface species
are imido-imido and so that second hydrogen abstractions need
not occur on oxo groups (which have higher barriers). In TS19
(Figure 11), the breaking CR-H distance is 1.46 Å and the
forming N-H distance is 1.24 Å. The transition-state normal
mode has an imaginary frequency of 1338i cm-1. This step leads
to an intermediate 34 (∆E ) -32.1 kcal/mol, ∆G673K ) 0.7
kcal/mol) with the Mo-NH2 and Mo-(NHdCH-CHdCH2)
distances of 2.02 and 2.04 Å, respectively. We calculate kH/kD
SCHEME 5: Fourth Hydrogen Abstraction in the Conversion of Allyl to Acrylonitrile over Reoxidized Cluster
(intermediate feed pressures)a
a The barrier is reduced by 8.1 kcal/mol compared to the barrier for the reduced site (TS9), making this process much more rapid at reaction
temperature. The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are
in kcal/mol.
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) 2.11 (no tunneling corrections), which agrees with experi-
mentally measured kH/kD ≈ 2.1 under conditions of high
conversion rates.
3.3.3. Step 3: Abstraction of the NH Third Hydrogen (34
f TS20f 35 on Path a or 34f TS22f 38 on Path b). The
two different pathways are discussed below.
3.3.3.a. Path a (34 f TS20 f 35). The next step in the
mechanism is the third hydrogen abstraction by a neighboring
Mo-NH2 group to give an intermediate with a MoIV-NH3 and
a MoV-(NdCH-CHdCH2) fragment (35). The net ∆E barrier
for this step through the transition state TS20 is 7.1 kcal/mol
(∆G‡673K ) 6.9 kcal/mol). In TS20, the breaking N-H bond
distance in a Mo-(NHdCH-CHdCH2) fragment is 1.32 Å,
and the forming N-H distance at the Mo-NH2 is 1.29 Å; the
Mo-NH2 is increased from 2.02 to 2.13 Å, and the correspond-
ing Mo-NH3 distance in the product 35 is 2.24 Å. The
transition-state normal mode has an imaginary frequency of
1276i cm-1.
3.3.3.b. Path b (34 f TS22 f 38). The same step on path
b involves hydrogen abstraction by a neighboring ModNH
group to give an intermediate with two MoV-NH2 sites and a
MoV-(NdCH-CHdCH2) fragment (38). The ∆E barrier
through the transition state TS22 is only 2.3 kcal/mol higher
(∆∆G‡673K ) 2.1 kcal/mol) than the same barrier on path a
(TS20). In TS22, the breaking N-H distance is 1.25 Å and the
forming N-H distance at a ModNH site is 1.36 Å. The
transition-state normal mode has an imaginary frequency of
1246i cm-1. We find that 〈S2〉 ) 0.836, where the spin
contamination arises from formation of three MoV centers in
product 38 which has 〈S2〉 ) 1.292, indicating substantial
triradical character (for 38 the quartet state is calculated to be
3.2 kcal/mol higher than the doublet). In 38, the two Mo-NH2
distances are 1.94 and 1.96 Å and Mo-(NdCH-CHdCH2) )
1.87 Å.
3.3.4. Step 4: Abstraction of the Last Hydrogen from Cr.
(35 f TS21 f 36 on Path a or 38 f TS23 f 36 on Path b).
The barriers for the last hydrogen abstraction are higher than
those of previous steps, as this step leads to formation of two
MoIV and one MoV sites. On path a, the net ∆E‡ through TS21
is 33.9 kcal/mol (∆G‡673K ) 35.6 kcal/mol), where the breaking
CR-H distance is 1.53 Å and the forming N-H distance at the
ModNH site is 1.21 Å. On path b, the ∆E‡ for this step through
TS23 is 31.9 kcal/mol (∆G‡673K ) 39.0 kcal/mol), where the
CR-H distance is 1.51 Å and the forming N-H distance at the
Mo-NH2 site is 1.22 Å. The transition-state normal modes for
TS21 and TS23 have imaginary frequencies of 925i and 1017i
cm-1, respectively. Both pathways lead to intermediate 36 at
∆E ) -21.0 kcal/mol (∆G673K ) 8.5 kcal/mol), with
MoIV-NH3 ) 2.22 Å, MoV-NH2 ) 2.06 Å, and
MoIV-(NC-CHdCH2) ) 2.03 Å.
3.3.5. Step 5: Desorption of Acrylonitrile Product (36 f
37). Desorption of acrylonitrile from 36 yields 37, which features
one Mo-Mo bond between the vacant Mo and the Mo-NH3
(RMo-Mo ) 2.73 Å) and has a desorption energy ∆E ) 3.1 kcal/
mol (∆G673K ) -22.6 kcal/mol). For the isomer with two
Mo-Mo bonds (RMo-Mo-NH3 ) 2.67 Å and RMo-Mo-NH2 ) 2.67
Å), the desorption energy is ∆E ) -9.8 kcal/mol (∆G673K )
-34.3 kcal/mol). We could not locate a stable minimum with
no Mo-Mo bond(s), as all attempts resulted in the formation
of isomers involving at least one Mo-Mo bond.
Figure 10. Potential-energy surface for allyl conversion to acrylonitrile over Mo3O3(NH)6 (high partial pressures of feed). The barrier for the
second hydrogen abstraction (rate-determining step) is 14.8 kcal/mol (∆∆‡G673K ) 10.8 kcal/mol) lower than the corresponding barrier at low
partial pressures of feed, in agreement with experiment. The solid line represents path a, and the dashed line represents path b. The top energy
parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are the doublet state in kcal/mol.
15690 J. Phys. Chem. C, Vol. 114, No. 37, 2010 Pudar et al.
3.3.7. Step 6: Reoxidation Prior to the Fourth Hydrogen
Abstraction (Scheme 6). Substituting reduced MoIV-NH3 in
35 with an oxidized MoVIdNH (39, Scheme 6), via ammonia
activation, significantly improves the feasibility of the last step,
as expected. This pathway is described in Scheme 6. Our
calculated barrier for the fourth hydrogen abstraction on
reoxidized cluster 39 through the transition state TS24 is ∆E‡
) 15.9 kcal/mol (∆G‡673K ) 18.8 kcal/mol), which is 18.0 kcal/
mol (∆∆G673K ) 16.8 kcal/mol) lower than the corresponding
barrier through TS21. Again, this suggests that reoxidation of
the surface (or part of the surface) occurs prior to the fourth
hydrogen abstraction to form acrylonitrile product. Also, the
TS24 barrier is 5.2 kcal/mol (∆∆G673K ) 3.4 kcal/mol) and
14.8 kcal/mol (∆∆G673K ) 11.6 kcal/mol) lower than the
corresponding barriers on reoxidized clusters at intermediate
(TS18) and low partial pressures (TS6), respectively, further
contributing to higher reaction rates at high pressures of feed.
Substituting a MoIV-NH3 with a MoVIdO and transferring the
last hydrogen to the MoVIdO would result in a higher barrier,
as shown in the case of TS12 (intermediate pressures with one
oxo-oxo and two oxo-imido sites, ∆E‡ ) 24.6 kcal/mol).
However, we expect that activation of ammonia on MoIV,
resulting in MoVIdNH, will be faster (highest ∆E‡ ) 18.2 kcal/
mol37) than the reoxidation to yield MoVIdO (Ea for oxidation
is in 8-27 kcal/mol range38) due to a high pressure of ammonia.
In TS24 (Figure 11) the breaking C-H bond distance is 1.49
Å and the forming N-H bond is 1.21 Å. The transition-state
normal mode has an imaginary frequency of 1052i cm-1. This
transition state leads to intermediate 40 at ∆E ) 7.9 kcal/mol
(∆G673K ) 8.5 kcal/mol), with a Mo-(NC-CHdCH2) distance
of 2.05 Å and a Mo-N-C angle of 178°.
Dissociation of acrylonitrile from 40 to give
Mo3O3(NH)4(NH2) (41) [with one Mo-Mo bond between a
vacant Mo and Mo-NH2 (RMo-Mo ) 2.77 Å)] has a desorption
energy ∆E ) -3.3 kcal/mol (∆G673K ) -27.4 kcal/mol). All
attempts to locate a stable minimum with no Mo-Mo bonds
resulted in the formation of intermediate 41.
4. Discussion
4.1. Specator Imido and Oxo Effects. For the various
levels of imido substitutions (corresponding to various partial
pressures of ammonia), the rate-determining step in the
conversion of σ-allyl intermediate to acrylonitrile is the
second hydrogen abstraction, in agreement with experiment.
We find that imido groups have a direct effect on hydrogen
abstractions, leading to hydrogen abstractions by imido (NH)
groups with a ∼10 kcal/mol lower barrier than the abstrac-
tions by oxo groups. For example, the barrier for the second
hydrogen abstraction on Mo3O7(NH)2 (representing interme-
diate pressures of feed) is 25.6 kcal/mol (∆G‡673K ) 28.9
kcal/mol) for abstraction by the imido group and 33.7
(∆G‡673K ) 33.9 kcal/mol) for abstraction by the oxo group.
This means that propene conversion rates are increased at
higher feed pressures where the majority of surface species
are di-imido. In this case few allylic or other hydrogen
abstractions occur on oxo groups. This agrees with experi-
ment, which shows higher reaction rates at higher feed
pressures.
We find that imido groups also have an indirect effect,
because the presence of spectator imido groups lowers the
Figure 11. Structural parameters for the transition states of allyl
conversion to acrylonitrile over Mo3O3(NH)6 (high partial pressures
of feed). Bond lengths are in Angstroms.
SCHEME 6: Fourth Hydrogen Abstraction in Conversion of Allyl to Acrylonitrile over Reoxidized Cluster (high feed
pressures)a
a The barrier is reduced by 18.0 kcal/mol compared to the barrier for the reduced site (TS21), making this process much more rapid at reaction
temperatures. The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values
are in kcal/mol.
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hydrogen-abstraction barriers leading also to increased am-
moxidation rates, in accordance with experimental observa-
tion. Particularly, this is important for the rate-determining
step (second hydrogen abstraction) in conversion of allyl to
acrylonitrile, where the decrease of the barrier as the number
of imido groups increases significantly increases the conver-
sion rates. Thus, the second H-abstraction barrier is reduced
as we go from low feed pressures (∆E‡ ) 33.4 kcal/mol
(∆G‡673K ) 34.3 kcal/mol)), to intermediate feed pressures
(∆E‡ ) 25.6 kcal/mol (∆G‡673K ) 28.9 kcal/mol)), to high
feed pressures (∆E‡ ) 18.6 kcal/mol (∆G‡673K ) 23.5 kcal/
mol)). This agrees with experiment, which shows that reaction
rates are higher at higher feed pressures. This indirect effect
of spectator imido groups in decreasing hydrogen-abstraction
barriers is caused by destabilization of a respective reactant
due to a weaker spectator imido effect as compared to that
of the spectator oxo group. For instance, the formation of
intermediate 2 (allyl adsorption onto Mo3O8(NH), low feed
pressures) has ∆E ) -39.3 kcal/mol (∆G673K ) -5.2 kcal/
mol), where formation of corresponding intermediate 33 (high
feed pressures) has ∆E ) -26.6 kcal/mol (∆G673K ) 3.9
kcal/mol).
4.2. Isotope Effects. We compute kH/kD ) 2.11 for the
second hydrogen abstraction at 400 °C and high feed
pressures, which agrees with the experimental value of ∼2.1
at 430 °C and high feed pressures. This, together with our
observation that the second hydrogen abstraction is the rate-
determining step for allyl conversion to acrylonitrile, explains
the observed 64:36 ratio of acrylonitrile-[2,2-d2]:[d0] produced
from propene-[3,3,3-d3] or -[1,1-d2] (over BiMoOx) and 70:
30 ratio of acrylonitrile-[2,2-d2]:[d0] produced from allyl
alcohol-[1,1-d2] or -[3,3-d2] (over pure MoO3).
4.3. Reoxidation Prior to Removing the Last H from the
Intermediate. We find that on the reduced surface, the barrier
for the fourth hydrogen abstraction is higher than the barrier
for the second H abstraction for all feed pressures, which is
not consistent with experimental observations. Furthermore,
the net barrier for the fourth hydrogen abstraction under low
feed pressures is ∆E‡ ) 59.7 kcal/mol, ∆G‡673K ) 74.0 kcal/
mol (TS3, Figure 4), which is not feasible under the reaction
conditions (400 °C). This occurs due to the reduction of all
three molybdenum centers to unfavorable states IV and V,
which increases the energy for hydrogen abstractions.
Instead, we find that reoxidizing the surface prior to product
formation significantly reduces the barriers, making them no
longer rate determining. For example, at low feed pressures this
barrier reduces from ∆E‡ ) 39.9 kcal/mol (∆G‡673K ) 48.6 kcal/
mol, TS3) with respect to 4 to ∆E‡ ) 30.7 kcal/mol (∆G‡673K
SCHEME 7: Mechanism and Energetics for Our Proposed Mechanism for Conversion of Allyl to Acrylonitrile at High
Feed Pressuresa
a The top energy parameter is the ∆E from QM, the middle is ∆H0K ) ∆E + ∆ZPE, and the bottom is ∆G673K. All reported values are in
kcal/mol.
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) 30.4 kcal/mol, TS6), and at the high feed pressures the barrier
drops dramatically from ∆E‡ ) 33.9 kcal/mol (∆G‡673K ) 35.6
kcal/mol, TS21) with respect to 35 to ∆E‡ ) 15.9 kcal/mol
(∆G‡673K ) 18.8 kcal/mol, TS24).
Since the observed activation energy for reoxidation of
catalyst is 8-27 kcal/mol (depending on the extent of
reduction), we expect that the reoxidation will occur prior
to the fourth hydrogen abstraction. Also, for cases where
ammonia is formed on the surface prior to the last step,
ammonia can be activated to yield a fresh MoVIdNH group
near the active site. In addition, we find hydrogen migration
from Mo-NH2 to a ModO has barrier of only 19.5 kcal/
mol (∆G‡673K ) 18.7 kcal/mol, TS11), suggesting that
hydrogen migration over the catalyst surface is rapid in
molybdate catalysts. Thus, hydrogen(s) from reduced Mo sites
can migrate over the surface, leaving behind MoVIdO or
MoVIdNH groups that can accomplish hydrogen abstractions
more easily. Furthermore, since barriers involving imido
groups are lower than those involving oxo groups, this
migration will be even easier if hydrogen is transferred to a
ModNH group rather than to a ModO.
4.4. Reoxidation Through Mo-Mo Bond Formation To
Facilitate Product Desorbtion. A similar oxidation of the
reduced sites is also important in getting the product acryloni-
trile, as well as byproduct such as H2O, off the reduced surface.
We find that acrylonitrile desorption energy depends on the
structure taken by the corresponding reduced cluster model.
More specifically, the acrylonitrile desorption is facilitated by
formation of a Mo-Mo bond. For example, in the case of low
feed pressures, desorption of acrylonitrile yielding the reduced
cluster with no Mo-Mo bonds has an energy ∆E ) 23.7 kcal/
mol (∆G673K ) -1.2 kcal/mol), while the same process yielding
the reduced cluster with one Mo-Mo bond between the vacant
MoIV and the MoIV-OH2 has significantly reduced desorption
energy, ∆E ) 12.1 kcal/mol (∆G673K ) -9.4 kcal/mol). In the
case of high feed pressures, the isomer with no Mo-Mo bonds
could not be located.
In our previous study of propene oxidation,2 we found that
the energy for O2-assisted desorption of final product (acrolein)
decreases from ∆E ) 31.9 kcal/mol (∆G673K ) 5.3 kcal/mol)
to ∆E ) 4.5 kcal/mol (∆G673K ) -20.4 kcal/mol). Hence, it is
likely that a similar mechanism would be favorable here.
However, the simultaneous formation of a Mo-Mo bond
decreases the energy of the product state, so that acrylonitrile
desorption is favorable even in the absence of simultaneous
reoxidation.
5. Summary
We find that hydrogen abstraction from the nitrogen-bound
allyl intermediate (second H abstraction) is the rate-determining
step in conversion of σ-N-allyl to acrylonitrile at all feed partial
pressures. In addition, we find that the second H-abstraction
barrier decreases significantly: from ∆H‡second-ab ) 29.6 kcal/
mol at low feed pressures, to ∆H‡second-ab ) 22.7 kcal/mol at
intermediate feed pressures, to ∆H‡second-ab ) 16.4 kcal/mol at
high feed pressures. This is in agreement with experimental
observations showing that propene conversion is higher at higher
partial pressures of feed.18,21
The overall reaction mechanism at high partial pressures
of feed is summarized in Scheme 7. Path 1 represents the
last H abstraction in the presence of neighboring reduced
Mo sites, while path 2 represents the same step on the
reoxidized surface. For path 1, we find that the second
H-abstraction barrier is lower than the fourth H-abstraction
barrier, where ∆H‡C-B ) 16.4 kcal/mol and ∆H‡G-F ) 31.6
kcal/mo. However, this is most likely due to the continuous
build up of low Mo oxidation states.
Thus, reoxidizing the surface prior to the last hydrogen-
abstraction step significantly reduces this barrier as shown in
path 2 (∆H‡J-I ) 13.9 kcal/mol), making this step no longer
rate determining. Therefore, we conclude that the availability
of fully oxidized sites (through reoxidation or hydrogen migra-
tion over the surface) during the reaction is necessary for
conversion of allyl to acrylonitrile.
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